Abstract-Prompted by the unexpected failure of piezoresistive sensors in both an elevated gamma-ray environment and reactor core pulse tests, we initiated radiation testing of several MEMS piezoresistive accelerometers and pressure transducers to ascertain their radiation hardness. Some commercial off-theshelf sensors are found to be viable options for use in a highenergy pulsed reactor, but others suffer severe degradation and even catastrophic failure. Although researchers are promoting the use of MEMS devices in radiation-harsh environment, we nevertheless find assurance testing necessary.
II. BACKGROUND
Since the primary focus of this paper is reporting the performance of COTS MEMS piezoresistive sensors in the pulsed reactor environment, we dedicate this background section to understanding the operation of MEMS piezoresistive sensors and to surveying prior research into radiation effects on such devices.
A. Piezoresistive MEMS Sensors
In 1954 Smith reported on the piezoresistance effect in germanium and silicon [2] . In the late 1950s and early 1960s, silicon strain gages were commercialized. Silicon pressure transducers were developed in the 1960s into the 1970s. The first piezoresistive silicon accelerometer was reported in 1979 [3] .
Piezoresistive accelerometers are essentially semiconductor strain gages possessing large gage factors since the material resistivity primarily depends on the stress rather than the dimensions [4] . These micromachined accelerometers using a piezoresistive detection principle are mainly used in automotive applications [5] , but have also been used in space applications [6] . In the case of MEMS accelerometers, several transducer concepts are in use including piezoresistive, piezoelectric, variable capacitance, and force rebalance [7] .
Piezoresistive transducers often consist of four resistors arranged in a Wheatstone bridge circuit. The variation of resistivity with strain is then exploited to obtain an output signal proportional to an input force. In a pressure transducer, the resistors are integrated into a diaphragm; for example, Fig.  1 shows the sensing chip of the Kulite pressure transducers tested in this work. For an accelerometer, the resistors are incorporated into the supports for a mass; for instance, the construction of the Endevco accelerometer internals is shown in Fig. 2 . In the pressure and acceleration transducers tested in this work, all four arms of the bridge are within the device, but are not necessarily active. An alternative, common design is to include two of the resistors on the sensing element in a "half bridge" arrangement with the other two reference resistors being placed in an external portion of the circuit. Another variation incorporates additional resistors on the sensing element to compensate for the temperature dependence of the sensing material resistivity.
The Kulite pressure transducer utilizes a silicon-oninsulator (SOI) process, which is thoroughly documented in [8] . The SOI process is beneficial to device design as it allows for complete isolation of the active areas of the device from the silicon substrate. This effectively prevents any problems due to photocurrents from ionizing radiation or even an electromagnetic pulse, and has proven a viable technology in radiation-hard device design. The structure of the Kulite pressure transducer resembles that shown in Fig. 1 [9] . The operation of this device is as follows. Four piezoresistive sensing elements atop the silicon wafer are arranged in a Wheatstone bridge circuit. An applied pressure at the top of the sensor bends the diaphragm, inducing a stress in the piezoresistors on top. The stress is proportional to the difference between the applied pressure and the reference pressure of the isolated aperture beneath the wafer. Applied pressure causes the outer piezoresistors to be placed in tension and the inner piezoresistors to be in compression; the outer two resistors are on opposite sides of the Wheatstone bridge as are the inner two resistors. The supporting member at the bottom has a twofold purpose-it provides mechanical stability for the transducer, as well as forms the sealed cavity underneath the sensing device. Fig. 1 . Kulite piezoresistive pressure transducer construction, adapted from [9] . Applied pressure induces stress in the four piezoresistors, which are arranged in a Wheatstone bridge configuration. Fig. 2 . Completed Endevco accelerometer device, adapted from [10] . The two piezoresistors are located on opposite sides of the hinge and they traverse the air gap between the fixed core and movable inertial mass. Acceleration-induced force on the movable central mass produces tensile and compressive stress, respectively, in the two piezoresistors.
Endevco utilizes a bulk micromachining technique on a silicon wafer to produce the cantilever-type accelerometer depicted in Fig. 2 [10] . The p-type silicon piezoresistors are formed by boron diffusion, and they are surrounded by a SiO 2 layer.
The two serpentine-shaped piezoresistive gage elements extend over the gap; their distance from the hinge controls the sensitivity and range of the sensor. The operation of the particular device shown in Fig. 2 is as follows. The inertial mass is free to move in a direction normal to the central hinge that connects the inertial mass to the fixed core of the accelerometer. This allows acceleration in the forcesensitive direction to induce a stress in the piezoresistors-one piezoresistor is placed in tension and the other in compression.
The piezoresistors are placed in adjacent arms of a half-active Wheatstone bridge with 500 Ω fixed resistors in the other (passive) half of the bridge.
B. Radiation Effects on MEMS Sensors
Compared to radiation effects studies on conventional technologies, sparse research has been performed to determine the effects of radiation on MEMS devices, particularly those that employ piezoresistors.
Since MEMS devices are fabricated in a manner similar to present semiconductor electronics, they are expected to be susceptible to the same types of radiation damage.
Researchers have noted that there is little scientific literature on radiation effects in MEMS and that the field is in its infancy [11] - [13] . Although specific results from radiation testing of MEMS devices is very limited, scientists tout the use of MEMS in radiation environments based on extending their understanding of radiation effects on semiconductor devices to MEMS. For example, the advantage of using MEMS-based satellites due, in part, to their high resistance to radiation was noted in [14] - [16] . A few papers have reported on radiation effects to non-sensor applications of MEMS. Schanwald et al. found that the radiation sensitivity of ground MEMS comb drives and microengines to be approximately 10 14 electrons/cm 2 (~100 kGy SiO 2 ) [11] . McClure et al. reported on radiation effects on MEMS radio frequency relays [17] . Caffey and Kladitis report on the effects of photon irradiation of actuators [18] . Miyahira et al. examined the effects of gamma radiation on MEMS optical mirrors [19] .
In the 1990s, a few researchers reported on radiation effects in two MEMS accelerometers [20] - [22] . These references describe radiation testing of capacitance type MEMS sensors-the Analog Devices ADXL50 and the Motorola XMMAS40G. Reference [20] found that exposure to protons and heavy ions caused changes in the output voltage due to charge generation, which altered the electric field distribution. In addition, exposure of the ADXL50 to a 250 Gy(Si) gamma dose, created a hysteresis effect at zero g where the device appeared to become stuck [21] , [23] . Boyadzhyan and Choma report on a tunneling accelerometer that was not affected by a 1 kGy gamma dose from Co-60 [24] .
More recently, Zhu et al. fabricated one polycrystalline and two silicon-on-insulator (SOI) piezoresistive pressure sensors [25] . They found that a gamma dose of 23 kGy(H 2 O) caused a slight shift (~ a few mV) in the offset voltages of the three sensors, but no degeneration of linearity or sensitivity.
Because of the limited scientific literature concerning radiation testing of MEMS devices, information regarding radiation testing of piezoresistive sensors in general (not specifically MEMS) was sought. The findings within the literature are summarized in Table I . Langdon et al. described combined neutron and gamma irradiation testing of two models of piezoresistive accelerometers employing a strain gage element; however, their work was reported in 1970, which was essentially pre-MEMS [26] . They exposed 18 accelerometers to neutron fluences as high as 5×10 15 epithermal n/cm 2 in a TRIGA reactor (the concomitant gamma dose was unspecified). In that testing, the resistance of an unnamed accelerometer, using unbonded piezoresistive gages that were probably moderately doped, increased dramatically due to the neutron dose. Another manufacturer's model utilizing bonded semiconductor strain gages, which likely were highly doped, operated satisfactorily at all neutron exposures and the gage resistance showed no significant change.
Bouche [27] , Thomas [28] , and Bierney [29] discuss the design of piezoresistive and piezoelectric accelerometers for operation in nuclear reactor environments. Each of these three Endevco authors cites two other less-accessible company publications dealing with piezoresistive sensor test results: (1) a 1965 Phillips Petroleum Company report by Terry et al. [30] , and (2) a 1966 Battelle report by Chapin et al. [31] . Terry et al. exposed semiconductor strain-gage pressure transducers to 10 15 n/cm 2 and 10 kGy(C) of gamma radiation with less than 1% change in sensitivity. Chapin et al. exposed piezoresistive accelerometers to 6×10 15 n/cm 2 and 3 MGy(C) of gamma radiation with the sensors exhibiting satisfactory dynamic performance but undergoing significant changes in unstrained resistance. Thomas states that heavily doped gages are far more resistant to reactor radiation effects since the radiation damage mechanism involves changes in the crystalline lattice structure [28] .
III. PULSED REACTOR TESTING AND RESULTS
The tested sensors were operated in the pulsed reactor environments of the Sandia Pulse Reactor (SPR-III) and/or the Annular Core Research Reactor (ACRR) located at Sandia National Laboratories (SNL), NM. Initial testing in the SPR-III provided a smaller ratio of gamma-to-neutron radiation and shorter pulse widths as compared to the ACRR. The ACRR provides pulse-integrated radiation of about a factor of ten larger than the SPR-III, and the ACRR irradiation cavities can accommodate physically larger experiments.
A. Pulsed Reactor Characteristics
The SPR-III is a Godiva-type, fast neutron reactor providing a unique, near-fission-spectrum radiation environment (see Table II ). SPR-III produces intense neutron bursts for radiation effects testing of materials and electronics. SPR-III has a 17-cm (diameter) central irradiation cavity that extends through the core [32] . The reactor is operated in two basic modes: (1) short duration steady state at low power (10 kW), and (2) fast pulses (bursts). The ACRR is a pool-type reactor capable of pulsed (see Table II ), steady-state and tailored-transient operation [32] . The internal diameter of the ACRR dry central irradiation cavity is 23 cm. In addition, a fuel-ringed external cavity (FREC) is available with a larger diameter of 51 cm for FREC-II [33] . Kelly et al. discuss simulation fidelity issues and compare the radiation environments of the SPR-III and the ACRR (including the FREC) in [34] .
B. Pulsed Reactor Experiments
The seven reactor experiments, which were carried out over a four-year period, are summarized in Table III . Each pulse within Experiments 2, 3 and 4 was of nearly identical magnitude; the magnitudes of consecutive pulses in Experiments 5, 6 and 7 were systematically increased from ~30 to ~275 MJ. A brief description of each experiment and the exposed sensors is given in the remainder of this section. The tested sensors were not specifically designed for radiation environments; rather they were COTS devices. For added details on these experiments, the reader is directed to [35] .
1) Experiment 1
During February 2000, the first experiment was performed at the SPR-III. During that test, one Kulite pressure transducer model number CT-190-25A and a Taber strain gage-based pressure transducer (model 2215) were utilized. The Kulite CT-190 is similar to the XTE-190, except that the CT-190 is designed for cryogenic applications with an operating temperature range of -320°F to 250°F. The two sensors were measuring the pressures of different volumes. The two pressure sensors and a thermistor survived the 11 MJ SPR-III pulse as seen in Fig. 3 . No other conclusions can be drawn from this test aside from the fact that both the Kulite and Taber pressure transducers survived on a non-quantitative basis.
Referring to Fig. 3 , note that all three sensors exhibit a prompt (impulse-like) change at the time of the reactor pulse. The Kulite pressure transducer is a MEMS device relying on resistance changes as the sensing methodology, whereas the Taber is a strain gage-based pressure transducer. Recall that a thermistor has an inverse (and nonlinear) relationship between its resistance and the sensed temperature. All three responses are consistent with the data acquisition system perceiving a decrease in the resistance of each sensor. The fact that all three sensors exhibit similar response to the reactor pulse appears indicative of a common factor, which might be induced charge/current, and/or cable effects. In other words, the recorded temperature and pressure readings during the actual pulse are artifacts of the reactor pulse originating from radiation-induced signals. 2) Experiment 2 Also in February 2000, a series of four SPR-III bursts were produced for pressure transducer evaluation. The experiment included a Kulite XCE-062 and an XTE-190, whose use was favored by Los Alamos National Laboratory personnel based on their small size and prior experience (1970s) with the Kulites in the ACRR. These tests incorporated one Teledyne Taber model 2215 strain gage-based pressure transducer too. Use of the Taber was promoted by SNL personnel because of their experience with those transducers. All three sensors were connected the same volume. The two Kulite pressure transducers qualitatively showed no noticeable degradation to the four reactor pulses, although quantitative comparisons of before and after calibration data were not performed. The Taber pressure sensor also faired well in the testing. These three pressure sensors survived an approximate total neutron fluence of 2.4×10 15 n/cm 2 and gamma dose of 6.8 kGy(Si). 
Thermistor (°C)
Kulite (psia) Taber (psia) Fig. 3 . Thermistor and pressure transducer response to an 11-MJ pulse at t=0 during SPR-III test. The responses of the Kulite and Taber pressure transducers exhibit initial prompt drops, followed a slight increase in steadystate pressure corresponding to the increased pressure.
3) Experiment 3
In September 2001, a larger scale experiment was conducted in the fuel-ringed external cavity (FREC-II) of the ACRR. The sensors were consecutively subjected to the radiation fields created by two reactor pulses, which were conducted about 90 minutes apart. The two MEMS pressure transducers and two MEMS piezoresistive accelerometers were contained within an aluminum canister.
The time responses of the two Kulite piezoresistive pressure transducers of Experiment 3 are shown in Fig. 4 . The pressure transducers respond as showing a peak that is coincident with the reactor pulse; the XCE-062 and the XTE-190 exhibit a negative and a positive response, respectively, to the pulse. These sensor outputs during the pulse are most likely from radiation-induced current and/or system generated electromagnetic pulse (SGEMP) into the sensor cabling. The XCE-062, however, exhibits anomalous behavior immediately after the pulse; specifically, its output returns to a near zero value and then wavers rather than reaching a constant steadystate value as it should. This Kulite XTE-190, which shows no such anomalous behavior, was used later in Experiment 4 where it was exposed to five additional ACRR pulses.
4) Experiment 4
In May 2002, another sensor evaluation experiment was conducted in the ACRR central cavity. The test consisted of five reactor pulses delivered with approximately one-half hour of rest between shots. Important to note is that decay heat generation causes the reactor to continue to operate at significant power for two seconds following a high intensity pulse. Each pulse in this experiment involved an energy release of approximately 87 MJ with a peak reactor power of fluence and dose in the central cavity as a 285 MJ pulse delivers in the FREC-II; however, the larger (285 MJ) pulse has a shorter FWHM pulse duration than the smaller (87 MJ) pulse (in general, as the pulse magnitude becomes larger, the full-width half-maximum becomes shorter). Although For Experiment 4, a solenoid with a spring-loaded piston was mounted inside the test package to perturb the accelerometers while they were in the reactor. Energizing or de-energizing the solenoid produced a single impulse. Solenoid operation consisted of energizing the device, and then waiting about a second, followed by de-energizing the solenoid. This arrangement allowed non-zero stimulation of the accelerometers, but the arrangement was subject to variability and the results should be viewed as qualitative in nature. Solenoid operation is reflected in intermittent peaks in the accelerometer data of Fig. 6 . The peaks associated with energizing the solenoid are smaller than those associated with de-energizing it. The oscillations present in the accelerometer data two seconds after the pulse are most likely the result of reactor control rod chain-drive operation. Notice that the accelerometer post-pulse outputs are biased from their prepulse zero acceleration values. Specifically, the test results show that one 7264B exhibits a slightly positive (+1.5 g) offset after the reactor shot, whereas the second 7264B has a slightly negative (-0.9 g) offset. The output of each sensor changes over the first few seconds after the reactor shot due to heating of the sensor. Note that although the Wheatstone bridge compensates for identical resistance changes in each bridge leg, the individual piezoresistors are not of identical resistance (R), thereby causing differences in ∆R in each leg from temperatures changes. 
5) Experiments 5, 6 and 7
These three experiments were carried out in the ACRR central cavity during September 2003. Three instrumented canisters were placed in the reactor central cavity and subjected to three or four reactor pulses as outlined in Table  IV . Two Kulite XTE-190 series pressure transducers were located on the top flange of each aluminum test canister. Eventually all but one of the six XTE-190 pressure transducers degraded or failed from the total combined gamma dose and neutron fluence, that is, the sensors gradually and systematically deteriorate as the total exposure is increased. For example, Fig. 7 shows that for the first two pulses, the pressure transducer exhibits a normal response to the reactor shots; however, after the third pulse, the sensor begins to display an erratic output, and after the fourth pulse, the magnitude of the erratic behavior has increased noticeably. Other Kulite XTE-190s catastrophically failed after multiple pulses in these experiments. Noteworthy is that the total dose and fluence to the XTE-190s from these experiments are larger than those experiments reported earlier in this paper (see Table III ). For comparison, the XTE-190s were found to fail in a pure gamma environment at doses on the order of 100 kGy [36] . 
IV. DISCUSSION OF TESTING RESULTS
This section examines the pulsed reactor testing results with respect to the two different sensor types. The piezoresistive sensors tested consist of three different Kulite Semiconductor Products, Inc. pressure transducers (models CT-190, XCE-062 and XTE-190) and two Endevco Corporation accelerometers (models 7264 and 7270A). The Kulite pressure transducers are micromachined silicon-on-insulator (SOI) devices with layers of SiO 2 sandwiched between adjacent piezoresistive segments, as seen in Fig. 1 . The Endevco accelerometers are bulk silicon devices in which the piezoresistive elements extend over an etched hinge for force measurement (see Fig.  2 ) and are protected by a thin SiO 2 layer. These sensors are small devices with the piezoresistive elements placed on two or four legs of a Wheatstone bridge. The pressure transducers employ an off-chip thin-film resistive network for temperature compensation whereas the accelerometers do not.
A. MEMS Pressure Transducers
The pressure transducers received the greatest attention during this project with at least one pressure transducer tested in each of the seven experiments. The initial testing in the SPR-III provided a smaller ratio of gamma to neutron radiation as compared to the ACRR. An XCE-062 pressure transducer and an XTE-190 pressure sensor were subjected to four pulses from the SPR-III. In addition, a CT-190 pressure transducer (which is similar to the XTE-190 pressure sensor, except that the CT-190 is designed for cryogenic applications) was exposed to a single SPR-III pulse. These three pressure transducers survived those reactor pulses without observable degradation. Subsequent tests at the ACRR demonstrated another XTE-190 to survive seven pulses (Experiments 3 and 4); however, an XCE-062 exhibited anomalous behavior from a single ACRR pulse. The main difference between the two sensors is their mass: the XCE-062 weighs 0.2 g whereas the XTE-190 has a mass of 4 g [37] . Further exposure to a sustained gamma field resulted in complete failure of the XCE-062 sensor, whereas the XTE-190 continued to function properly, indicating that the XCE-062 is more gamma sensitive. Consequently, the XCE-062 was removed from further consideration.
Six additional XTE-190 transducers were exposed to multiple ACRR pulses in the last three experiments, which showed that for total combined dose and fluence of more than 15 to 25 kGy and 3×10 15 to 5×10 15 n/cm 2 , respectively, that most sensor outputs become erratic. Fig. 8 shows a summary of the pressure transducer performance from all seven experiments. This graph provides users with the capability to predict the survivability of a sensor for an expected dose and fluence in future pulsed reactor experiments. 
B. MEMS Accelerometers
The Endevco piezoresistive MEMS accelerometers were subjected to pulses from the ACRR only. Fig. 9 shows that the sensors demonstrate a negative pulse coincident with the reactor pulse. The negative pulse is a radiation effect within the sensing elements and/or lead wires versus a physical acceleration. The 7270A shows substantial bias (about -107g) immediately following exposure to a single ACRR pulse; therefore, it was eliminated for use in future pulsed reactor experiments. In contrast, during Experiments 3 and 4, one Endevco 7264C and two 7264B accelerometers were exposed to two and five pulses, respectively, without any noticeable degradation. The 7264C is virtually identical to the 7264B, except that the seismic mass of the 7264C extends from the end of the sensor housing; the resulting difference is that the 7264B has a mounted resonance frequency of 28 kHz and a damping ratio of 0.005, whereas for the 7264C these specifications are 26 kHz and 0.05, respectively. Such comparative values appear to make the 7274B more suitable for the measurement of short duration shocks.
In a prior work, we found that gamma irradiation of these MEMS accelerometers causes the formation of oxide and interface trapped hole charges, which reduce current flow through the piezoresistors due to the creation of a depletion region about the periphery of the gage resistors [36] . This mechanism ultimately leads to sensor offset-voltage drift and a slight sensitivity increase. Referring to Fig. 6 , however, the bias observed in the accelerometer outputs after the pulse is from thermal heating of the sensors. In particular, the 7264B accelerometers can have a thermal shift in the zero measurand output of ±30 g over a -18° to 66°C range [38] . A peak temperature of about 46°C temperature rise was recorded by the thermistor present in the shot depicted by Fig. 6 , which means the -1g and +2g biased readings were well within the manufacturer specifications.
V. CONCLUSIONS
Various COTS MEMS sensors being considered for use in a pulsed reactor core were operated in several different radiation environments. The performance of the Kulite pressure transducers was graphically summarized in Fig. 8 , as a function of total neutron fluence and gamma dose. From Fig.  8 , one can more easily observe that for neutron irradiation and lower gamma doses (< ~20 kGy), these sensors perform reasonably well. Only one sensor (an XCE-062 model) shows noticeable degradation below those levels. Otherwise, the results show promise for use of these devices (particularly, the XTE-190) in a pulsed neutron-gamma radiation environment. Survival of the Endevco piezoresistive MEMS accelerometers is observed at high neutron fluences, with the exception of a single sensor anomaly (i.e., the 7270A) at a neutron fluence of 1.6×10 15 n/cm 2 .
As compared to the Kulite pressure transducers, these accelerometers did not show signs of catastrophic failure.
We conclude that some COTS piezoresistive MEMS sensors are viable candidates for measurements in a pulsed reactor environment. We find the Kulite XTE-190 pressure transducer useable to a fluence and dose of 4×10 15 n/cm 2 and 20 kGy, respectively. The Endevco 7264 accelerometers operate to a radiation exposure of more than twice the XTE-190. Noteworthy is that the research from this project has originated the first reported results from nuclear radiation effects testing of piezoresistive MEMS accelerometers and pressure transducers [39] , [40] .
Although some researchers are advocating the use of MEMS devices in harsh radiation environments, we nevertheless find it necessary to perform hardness assurance testing of such sensors as is common with other semiconductor components. The differences in response by sensors from same manufacturer have been noted herein, for example, the softness of the Endevco 7270A accelerometer versus the 7264, and similarly, the softness of the Kulite XCE-062 pressure transducer compared to the XTE-190.
